Subacute sclerosing panencephalitis (SSPE) is a progressive degenerative disease of the brain uniformly leading to death. Although caused by measles virus (MV), the virus recovered from patients with SSPE differs from wild-type MV; biologically SSPE virus is defective and its genome displays a variety of mutations among which biased replacements of many uridine by cytidine resides primarily in the matrix (M) gene. To address the question of whether the SSPE MVs with M mutations are passive in that they are not infectious, cannot spread within the CNS, and basically represent an end-stage result of a progressive infection or alternatively SSPE viruses are infectious, and their mutations enable them to persist and thereby cause a prolonged neurodegenerative disease, we utilized reverse genetics to generate an infectious virus in which the M gene of MV was replaced with the M gene of Biken strain SSPE MV and inoculated the recombinant virus into transgenic mice bearing the MV receptor. Our results indicate that despite biased hypermutations in the M gene, the virus is infectious in vivo and produces a protracted progressive infection with death occurring as long as 30 to 50 days after that caused by MV. In primary neuron cultures, the mutated M protein is not essential for MV replication, prevents colocalization of the viral N with membrane glycoproteins, and is associated with accumulation of nucleocapsids in cells' cytoplasm and nucleus. 
INTRODUCTION
Subacute sclerosing panencephalitis (SSPE) is a rare, progressive, and fatal neurodegenerative disease caused by persistent measles virus (MV) infection. Characteristically, the MV isolated from the central nervous system (CNS) of patients with SSPE differs from the wild-type (wt) MV. Biologically, SSPE viruses are defective in that their recovery is totally dependent on cocultivation with feeder cells. This deficiency is caused by a variety of mutations affecting primarily the MV matrix (M) protein and the cytoplasmic tail of the fusion (F) glycoprotein (Cattaneo and Billeter, 1992; Cattaneo et al., 1988; Schmid et al., 1992) . Striking are biased hypermutations replacing adenosine (A) by guanosine (G) or uridine (U) by cytidine (C) residues. In many instances up to 50% of uridine residues convert to cytidine in large segments of the genome, particularly in the M gene. A basic unanswered question is whether the SSPE MVs' with M mutations are passive in that they are not infectious, cannot spread within the CNS, and basically represent an endstage result of the persistent infection. An alternative hypothesis is that SSPE viruses are infectious, and their mutations enable them to persist and thereby cause a progressive neurodegenerative disease. To address these questions, we employed two recently developed strategies. First, using reverse genetics (Radecke et al., 1995) , we replaced a normal M gene of Edmonston (Ed) MV with the M from an SSPE MV called Biken. Second, we utilized newly generated transgenic mice that could be infected with MV, because they expressed the MV receptor molecule, CD46 (Oldstone et al., 1999) . Since humans are the only natural host for MV, the availability of this small animal model provided a new host for testing the role of a SSPE M in the pathogenesis of persistent infection of the CNS.
Previously we reported that newborn transgenic mice expressing the CD46 molecule could be infected with Edmonston MV leading to an acute CNS infection culminating in death by 2 to 3 weeks after intracerebral inoculation (Oldstone et al., 1999) . Now we describe that adult CD46 transgenic mice bred on RagϪ/Ϫ background can be infected with the recombinant MV SSPE M. Virus spreads from neuron to neuron in the CNS leading to a progressive disease. In vitro glycoproteins of this MV SSPE M could not interact or interacted at low affinity with RNP complexes but could accumulate nucleocapsids typical for SSPE inside the infected cells.
RESULTS

Generation and rescue of MV SSPE M
Replacement of the Ed M gene with Biken M using BglII and XbaI ensured that all amino acid substitutions including an eight amino acid C-terminal extension contained within Biken M would be retained in MV SSPE M (Fig. 1A) . In addition, this cloning strategy left Edmonston 5Ј transcriptional and translational regulatory elements intact, including the MV Ed M AUG initiation codon. Thirteen days after cotransfection of 293-3-46 helper cells (Radecke et al., 1995) with p(ϩ) MV SSPE M and pEMCLa, syncytia appeared and were transferred to Vero cells. After five passages of MV SSPE M, total RNA from infected Vero cells was harvested, and RT-PCR was performed with M-specific primers. The amplified M cDNA from MV SSPE M contained the unique SacI site present in Biken M (Figs. 1A and 1B) , confirming the identity of the virus. Hence, a recombinant virus was generated which contained all MV Ed genes except for Ed M, which was replaced by Biken SSPE M.
Growth analysis of MV SSPE M
To ascertain the functional significance of the SSPE Biken M gene in the MV SSPE M virus for growth and particle formation, multistep growth analysis was performed. Infection of 5 ϫ 10 5 Vero cells with 20 plaque forming units (PFU) of MV SSPE M did not result in widespread cytopathic effect (CPE) by day 5, as was the case for MV Ed ( Fig. 2A) . MV SSPE M plaques just increased in size over 5 days, sparing the majority of surrounding cells. In contrast, many secondary plaques arose for MV Ed eventually covered the plate with massive syncytia and destruction of cells ( Fig. 2A) . Because of the low titer of MV SSPE M, we infected Vero cells at multiplicities of infection (m.o.i.) of 0.1 (data not shown) and 0.01 (Fig. 2B ). Cell-free MV SSPE M was not detectable at any time point (Fig. 2B, bottom) , and cell-associated virus was 3 logs lower at its peak on day 2 than the MV Ed. We next compared the transcription of MV SSPE M with MV Ed after infection of Vero cells. Steady state levels of MV mRNAs showed that transcriptional regulation of N, M, and F genes appeared not altered for MV SSPE M (Fig. 2C) . The levels of bicistronic transcripts showed little difference between MV Ed and MV SSPE M (Fig. 2C) . The results shown in Fig. 2 for Vero cells were similar after these two viruses infected HeLa cells (data not shown).
Subcellular localization of MV proteins in Vero cells infected with MV SSPE M or with MV Ed
The genomic RNPs of MV typically occur underneath the cellular membrane where they associate with membrane-integrated F and H to form viral particles. MV M is thought to be the assembly organizer, creating a bridge between RNP and the membrane (Cathomen et al., 1998a,b) . We therefore analyzed the distribution of the RNP and envelope protein by confocal microscopy using monoclonal and monospecific antibodies and fluorochrome probes. Figure 3 shows MV infected small (A-F) and large (G-L) syncytia double-labeled for N and F proteins. In multiple syncytia observed, the distribution of N and F proteins differed between cells infected with MV Ed and MV SSPE M. With MV SSPE M infection, F distribution was more diffuse (Figs. 3E and 3K) than seen with MV Ed (Figs. 3B and 3H) . Further, the N and F proteins produced by MV SSPE M frequently failed to colocalize on large syncytia (Fig. 3L) compared to the In contrast to the membrane-associated assembly and budding commonly observed with MV Ed infection, highresolution electron microscopy displayed the MV SSPE M with tightly packed inclusions of nucleocapsids (Fig.  4) . In agreement with the confocal studies, these nucleocapsids were rarely associated with the cell membrane.
MV SSPE M infects and spreads in cultures of primary neurons
We next tested the ability of MV SSPE M to replicate and spread in primary mouse neurons expressing the MV receptor molecule CD46. CD46 was an absolute requirement for the establishment of infection of neurons, as shown in Fig. 5 since CD46Ϫ mouse neurons were not permissive to infection (Fig. 5A, left) . By electron microscopy, neurons infected with MV SSPE M showed aggregates of nucleocapsids within vacuoles of neuronal processes; these aggregates were clearly not associated with membranes (Fig. 5B) . When CD46ϩ neurons were cultured with CD46Ϫ neurons and infected with MV SSPE M, equal numbers of CD46ϩ and CD46Ϫ neurons were infected after 5 days, indicating that once MV entered CD46ϩ neurons it could spread to non-CD46 neurons (data not shown), confirming recent observations by Lawrence et al. (2000) . Infectious virus was not recoverable from the supernatants of neurons infected by either MV Ed or MV SSPE M. However, just as SSPE virus has been recovered from MV infected human brains (reviewed Griffin and Bellini, 1996) , infected CD46ϩ neurons cocultivated with Vero cells developed CPE 5-7 days later, and infectious virus was recovered from both MV SSPE M and MV Ed infected neurons.
MV SSPE M infects and spreads in neurons in vivo, causing a chronic progressive CNS disease leading to death
The last series of experiments determined whether the MV SSPE M could replicate in the CNS of YAC-CD46ϩ transgenic mice and cause a prolonged infection. Initial studies showed that MV Ed replicated easily in newborn or young CD46ϩ mice to cause an acute lethal infection (Oldstone et al., 1999) . However, the same virus failed to replicate significantly in brains of adult YAC-CD46 mice (D. Thomas and M. B. A. Oldstone, unpublished observations) because the immune response to MV (D. Thomas and M. B. A. Oldstone, unpublished observations) is mature in the adult mouse as opposed to its immaturity and less effectiveness in newborn and younger mice (Mosier, 1973) . Based on this finding, we bred the YAC-CD46ϩ transgenic mice onto a RagϪ/Ϫ background, which depleted these mice of T and B cells. As shown in Fig. 6 , when MV SSPE M was inoculated intracerebrally (i.c.) (10 3 PFU) into 8-week-old YAC-CD46 ϫ RagϪ/Ϫ mice, a prolonged infection followed. By 40 to 55 days postinoculation, these mice became less active, then lethargic, and slowly progressed to weight loss, ataxia, kyphosis, and death over the next 2 months. Immunohistochemical analysis revealed aggregates or clumps of infected neurons spotted throughout the cerebral cortex and brain stem (Fig. 6 ). Compared to MV Ed inoculation, those mice given MV SSPE M had fewer infected neurons (Fig. 6 ) and a prolonged clinical course before death; that is, most mice infected by MV Ed (10 3 PFU) became moribund or died 30 to 60 days earlier (Fig. 6) .
DISCUSSION
This study addressed the issue of whether biased hypermutations in the M gene of MV contribute to the development of SSPE or if such mutations simply accumulate because M is no longer necessary for the life cycle of the virus during CNS infection. To this end we constructed and rescued an MV containing the M gene of the Biken SSPE strain. MV SSPE M produced 2 to 3 logs lower titers than did MV Ed in Vero and HeLa cells. Additionally, MV SSPE M was apparently defective in budding from the plasma membranes of these cells and was nearly incapable of assembling into cell-free virus. Although the relative steady state levels of mRNAs were not altered, inside such cells infected by MV SSPE M the viral nucleocapsids lacked organization with respect to the virus' envelope components. Others have shown (Cattaneo et al., 1987 (Cattaneo et al., , 1988 (Cattaneo et al., , 1986 ) that M protein can either be severely altered or completely absent as an effect of either hypermutations or simple point mutations as interrupting the M reading frame or AUG start codon. Nevertheless, our study differs from the earlier report of Cathomen et al. (1998a) in four important respects. First, ours is the initial document that the hypermutated M of SSPE virus per se contributes to chronic disease. This finding may have implications for how measles and other RNA viruses set up a persistent infection, particularly in the CNS. Second, the SSPE hypermutated M MV used closely mimics the virus that occurs in the human disease. Third, Cathomen et al. used MV Ed in which the M gene was deleted, an event that does not occur in natural MV infection. Fourth, injection of a low dose of ⌬M virus into interferon-␣, -␤ receptor knock-out mice resulted in an acute infection with death occurring in one of nine mice by day 10 and none of the other mice died after introduction of virus. In contrast, our virus-host interaction resulted in a chronic progressive CNS disease with death occurring over 80 days after MV SSPE M inoculation.
Our studies were extended to primary neurons. MV SSPE M initiated infection of mouse primary neurons only through the CD46 receptor. However, after initial entry, viral spread among neurons did not appear to require CD46, indicating that the infection moved along axonal tracts from neuron to neuron (Lawrence et al., 2000; Oldstone et al., 1999; Patterson et al., 2000; Rall et al., 1997) . Most important, MV SSPE M infected adult CD46ϩ transgenic mice on a RagϪ/Ϫ background caused a prolonged chronic CNS infection leading to death. Thus, many of the cardinal features of SSPE viruses found in tissue culture and the progressive neurodegenerative disease associated with SSPE were recapitulated in this model of MV SSPE M infection (Griffin and Bellini, 1996) . This outcome suggests a direct role of the altered M protein in the pathogenesis of the CNS disease. Signaling lymphocytic activation molecule (SLAM) has recently been reported to act as a receptor for MV (Hsu et al., 2001; Tatsuo et al., 2000) . SLAM is found preferentially on activated lymphocytes (Castro et al., 1999) , and our studies confirm and expand those observations. Our results are also in agreement with studies in which a recombinant MV deleted of the M gene could not bud from the surface of infected cells (Cathomen et al., 1998a) . The different growth rates reported for infection by MV with an M deletion (Cathomen et al., 1998a ) from that observed in our studies likely reflect differences in genome size; MV ⌬M is 960 nt shorter than MV SSPE M. Alternatively the altered Biken M protein is more deleterious for viral growth than the total absence of M. Our results on transcription of MV SSPE M M and F in Vero cells in vitro contrasted with results in vivo when M, F, and H genes were typically down-regulated in SSPE brains (Cattaneo and Billeter, 1992; Norrby and Kristensson, 1997) . These discrepancies are likely due to differences in viruses (ours being only defective in M) and different host factors influencing viral transcript abundance. Further, in the in vivo study of human brains biased hypermutation may have caused an inability to detect mRNA by nucleic acid hybridization, loss of antibody epitopes, or complete loss of the translation product and therefore detection of the protein.
A lack of colocalization between MV N and the membrane glycoproteins following infection with the MV SSPE M was clearly evident when RNPs and membrane components were found in disparate regions of the cell (Fig. 3) . Although the molecular details of MV assembly are poorly understood, it is clear from our studies and others (Cathomen et al., 1998a,b; Griffin and Bellini, 1996) that M orchestrates the attachment of the RNP to the neuronal process in (BC), nucleocapsid aggregates are present inside vacuoles (arrows). At higher resolution (BD) the arrows point toward a helical configuration of nucleocapsids, which are highly variable in width. Although MV Ed infected mice were sufficiently ill to die to require sacrifice by day 41 Ϯ 3 postinoculation (individual mice at d34, d41, d41, d47 and d52), in contrast, MV SSPE M infected mice had a more slowly progressive disease with death at 77 Ϯ 3 days (individual mice at d66, d77, d77, d79, d84 and d105). MV antigens were found in the brains following both viral infections. MV Ed infected more neurons and infectivity was wider spread (data from two representative mice of six studied) than MV SSPE M (data from two representative mice of six individual mice studied). The extreme right panel shows a single neuron infected by MV SSPE M. Such single-infected neurons were uncommon with infection most often seen in clumps of neurons. Lower power magnification used 225-350ϫ to show larger area of CNS with the ability to identify neurons. Neither adult YAC-CD46 nor RagϪ/Ϫ mice alone developed CNS disease when inoculated with these viruses. Repeat study showed similar results.
envelope. Cellular factors such as actin filaments (Bohn et al., 1986) are also likely to be involved by creating a scaffold for assembly. Although M was previously proposed to down-regulate MV transcription (reviewed in Griffin and Bellini, 1996) , studies reported here and those of Cathomen et al. (1998a) indicate that M is not involved in transcriptional regulation. This discrepancy may reflect the different systems studied since we and Cathomen et al. (1998a) used replicating virus to infect cells, whereas previous assays employed a cell-free environment (Suryanarayana et al., 1994) .
Although observations of MV Ed or MV SSPE M or SSPE virus' infection of tissue culture cells may offer insights into assembly of infectious particles, such stud- ies are limited in understanding of replication and spread of virus in the brain and the virus' target cell, the neuron. To better understand the replication, spread, and infection in primary neurons and in the CNS, mice were engineered to express the MV receptor molecule CD46 (Oldstone et al., 1999) . In primary neurons, little difference was observed following MV Ed and MV SSPE M infection. High-resolution electron microscopy showed arrays of nucleocapsid structures with both viruses. In addition, complete absence of budding from neurons was noted nor was infectious virus present in supernatant fluids. By contrast, in other studies using lymphocytic choriomeningitis virus (LCMV) (Rall et al., 1997) , virus clearly budded from membranes and supernatant fluids contained infectious LCMV. Further, with both MVs examined here, the total dependence of initial infection on CD46 molecules was demonstrated when CD46Ϫ neurons failed to become infected. However, the virus spread with equal efficiency to neurons bearing or not bearing CD46 molecules, demonstrating that neuron-toneuron transfer does not require the MV receptor on the recipient cell.
When MV SSPE M or MV Ed were used to infect the CNS of adult YAC-CD46 ϫ RagϪ/Ϫ mice, in agreement with findings in tissue culture of primary neurons, no cell-free virus was recovered nor was budding of MV observed. Infectious virus was recovered when brain tissues were cocultivated on permissive Vero cells (Oldstone et al., 1999) . However, several marked differences were noted when MV SSPE M and MV Ed were used to infect the CNS. First, the MV SSPE M produced a chronic progressive infection with death occurring as long as 30 to 50 days after that caused by MV Ed infection. Second, the SSPE virus appeared more frequently in clusters of neurons and were not as widely spread throughout the nervous system as was observed with MV Ed infection. Taken in toto, these observations suggest that the biased hypermutations in the M gene likely slow down the migration of the virus and thereby prolong the infection. It seems likely that the M protein is not essential for MV replication and transcription (Cathomen et al., 1998a) ; hence, mutations placed on the M gene by host or viral factors are not lethal for the virus. Yet, the mutated M gene still allows the virus to replicate, spread, and cause disease. The observation that clonal expansion of a different hypermutated MV variant occurred throughout the brain of an SSPE patient (Baczko et al., 1993) adds to the evidence that M hypermutations are not simply functionally irrelevant alterations but are likely important in long-term propagation of the virus. The biased mutations of U to C have been postulated to be triggered by virusinduced cell cytokines that enhance the interferon-inducible double-stranded RNA adenosine deaminase enzyme (ADAR 1) (Patterson et al., 2001 . ADAR 1 is presumed to propagate the biased hypermutations by adenosine to inosine conversion in viral double-stranded RNA intermediates (Baczko et al., 1993; Bass et al., 1989; Cattaneo et al., 1988; . Studies to evaluate this possibility are now under investigation using ADAR 1 gene disrupted YAC-CD46 mice.
Last, although MV Ed (Oldstone et al., 1999) or MV SSPE M initiated infection in newborn or young transgenic mice expressing the CD46 MV receptor molecule, neither of these viruses infected 6-to 8-week old or older CD46 transgenic mice. The reason for this is likely the effective anti-MV immune response of adult mice and the relatively immature immune response of newborn and young mice (Lawrence et al., 1999; Mosier, 1973) . This was also confirmed in experiments done elsewhere (D. Thomas and M. B. A. Oldstone, manuscript in preparation) where genetic knockout of B and T cell compartments in RagϪ/Ϫ mice enabled both viruses to infect CD46 ϫ RagϪ/Ϫ mice ( Fig. 6 ) but neither adult CD46 or RagϪ/Ϫ mice alone. Further, reconstitution of splenic lymphocytes from isogenic B6 (Ragϩ/ϩ) mice into adult RagϪ/Ϫ ϫ CD46 mice prevented MV-induced CNS disease. These observations raise the possibility that the rarity of SSPE following MV infection may depend on two essential events, i.e., immunosuppression and MV infection. Since patients who have SSPE clinically are not generally immunosuppressed (reviewed in (Griffin and Bellini, 1996) , a transient severe immunosuppression, in addition to the immunosuppression accompanying MV infection (Griffin and Bellini, 1996; Naniche et al., 2000) , likely occurs at the time of MV infection in infants and/or young children (Cianchetti et al., 1983; Dhib-Jalbut et al., 1988; Fukuya et al., 1992; Park and Kohl, 1999) . This would then allow for the establishment of CNS infection with subsequent restoration of anti-MV immune response, which may contribute to both the selection of the defective virus and the pathogenesis of the CNS disease (Fujinami and Oldstone, 1979; Rammohan et al., 1982; Schneider-Schaulies et al., 1995) . We are testing this possibility in the transgenic mouse model.
MATERIALS AND METHODS
Construction and rescue of recombinant MV SSPE M
A full-length MV genomic clone (ϩ sense) containing the MV Biken strain SSPE M gene was generated in the backbone of the Ed tag (called Ed) p(ϩ)MV cDNA clone. The Biken M cDNA (kindly provided by Dr. Timothy Wong, University of Washington) (Wong et al., , 1991 was digested with BglII (p(ϩ) MV nt 3445) and XbaI (nt 4719) and inserted into the homologous sites of the Edmonston shuttle vector pePMF2. The resulting plasmid, pePMF2, containing Biken M, was then digested with SacII (nt 2044) and NarI (nt 4923), and the fragment containing the majority of P and the entire M gene was exchanged with the corresponding region of p(ϩ)MV. Plasmids p(ϩ)MV SSPE M and pEMC-La were prepared as specified by the Qiagen DNA purification kit. Rescue of MV SSPE M followed the protocol previously described (Radecke et al., 1995) . Briefly, 293-3-46 cells stably transfected with MV N, MV P, and T7 RNA polymerase were seeded in six-well dishes. When these cells reached 50-70% confluence (usually the next day), p(ϩ)MV SSPE M and pEMC-La were cotransfected with 5 g and 10 ng DNA, respectively, using the Ca 2ϩ phosphate coprecipitation procedure. Fifteen hours after transfection, the medium was replaced with fresh DMEM 10% FCS. Cells were split twice during a 10-day period, and on day 13 posttransfection syncytia were identified by visual inspection. These syncytia were harvested and placed on a monolayer of Vero cells; the virus was allowed to spread for 5 days, after which cells were scraped and aliquoted into four tubes and frozen at Ϫ80°C as the primary stock of MV SSPE M. Amounts of infectious virus made were determined by plaquing log dilutions of supernatant fluids of freeze/thawed cells on Vero cells (Naniche et al., 2000) .
Northern gel blot analysis N, M, and F cDNAs for the Ed MV were gel purified after digestion from plasmids peN1, peM1, and peF1, respectively. Typically, 20 ng of fragment was radiolabeled with [ 32 P]UTP using random hexamers and Klenow (Stratagene Prime-It Kit, Stratagene, La Jolla, CA). Five micrograms total RNA from either MV Ed or MV SSPE M infected Vero cells were run on an agarose formaldehyde gel and blotted to a Nytran membrane (Micron Separations, Westborough, MA). The blot was incubated at 65°C in Quickhybe (Stratagene) and probed with approximately 10 6 CPM/ml for 4 h. The blot was washed to 65°C in 0.3ϫ SSPE 1% SDS, probed first with MV N, then stripped and reprobed with MV M, again stripped, and finally probed with MV F.
Immunofluorescence confocal microscopy
Vero cells (1 ϫ 10 5 ) were plated on glass coverslips in a 24-well plate. After cells were allowed to adhere, they were infected with either MV Ed or MV SSPE M at an m.o.i. of 0.1 in 100 l of medium. Additional medium was added after 1 h. When multiple syncytia appeared, approximately 48 h later, coverslips were fixed in 50:50% ethanol:ether for 10 min followed by 95% ethanol for 20 min. Cells were stained with anti-MV N (mouse monoclonal) 1:200 and anti-F (rabbit polyclonal kindly provided by Roberto Cattaneo) 1:100 followed by goat anti-mouse Texas red conjugated 1:100 and donkey anti-rabbit FITCconjugated 1:40. Confocal microscope images were collected sequentially using a Bio-Rad MRC-1024 unit attached to a Zeiss Axiovert S100TV microscope with 40ϫ or 63ϫ objective lenses. A krypton/argon mixed gas laser produced excitation wavelengths at 488 and 568 nM for FITC and Texas red, respectively. Single-plane individual fluorochrome images were merged and pseudocolored using Adobe Photoshop (version 5.5).
Electron microscopy
Explanted neurons, grown on 13-mm plastic discs (NUNC, Naperville, IL), or other infected cells were fixed in situ with 2% glutaraldehyde in phosphate-buffered saline, postfixed with 1% OSO 4 , dehydrated, and embedded in Eri812 resin. Thin sections were stained with uranyl and lead salts and then examined in a JOEL100 CX electron microscope at 80 kV.
Mice and primary neuronal cell cultures
Generation and characterization of YAC-CD46 transgenic mice after infection with MV Ed strain have been described (Oldstone et al., 1999; Patterson et al., 2000) . YAC-CD46 mice were crossed with mice of the C57BL/6 background for 10 generations and then crossed to RagϪ/Ϫ mice, also on a C57BL/6 background to yield a YAC-CD46 ϫ RagϪ/Ϫ mouse that was used for all experimental studies. Expression of CD46 was verified by screening DNA obtained from tail biopsies by dot blot hybridization with a 32 P-labeled CD46 cDNA probe (Oldstone et al., 1999) . To determine that mice were RagϪ/Ϫ, we used two independent PCR reactions. RAG1-sense (5Ј-CTGCCTCCTTGCCGTCTACCC-3Ј) and RAG2-antisense (5Ј-AAATCCTGGCAATGAGGTCTGGC-3Ј) determined the presence of a wild-type copy of the RAG gene. A disrupted RAG gene copy was detected with the primer pairs, Neo-sense (5Ј-GGATTGCACGCAGGTTCTCCG-3Ј) and Neo-antisense (5Ј-CCGGCCACAGTCGATGAATCC-3Ј). Random testing of peripheral blood indicated an absolute direct correlation between the PCR RagϪ/Ϫ detection and the absence of T and B lymphocytes.
Primary hippocampal neuron cultures were made as described previously (Rall et al., 1997 (Rall et al., , 1995 . Briefly, hippocampi were dissected from day 16-18 embryos and placed in ice-cold plating medium (DMEM supplemented with 10% fetal bovine serum, 10 4 U/ml penicillin, and 10 mg/ml streptomycin). The tissues were washed three times with ice-cold PBS and digested with trypsin-EDTA (Sigma Chemical Co., St. Louis, MO) at 37°C for 15 min. The tissue was washed twice with plating medium, mechanically dissociated with fire-polished pipettes, and passed through a cell strainer (Falcon Labware, Oxnard, CA) to obtain a single-cell suspension. The neurons were spun at 150 g for 7 min onto a serum cushion, resuspended, counted, and plated onto either poly-Llysine (Sigma), coated, acid-washed, round glass coverslips (Carolina Biological Supply Co., Burlington, NC) at a density of 500 cells/mm 2 . Four hours after the neurons were added to the coverslips, the slips were placed on top of a confluent primary astrocyte feeder layer, in serum-free neurobasal medium (Gibco BRL) supplemented with growth factors (B27 additive; Gibco BRL).
The cells were maintained at 37°C in 5% CO 2 . Cells were studied daily and when neuronal outgrowth was seen (usually day 5-7), cells were infected with MV (Rall et al., 1997) .
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